Abstract. Acute myeloid leukemia (AML) has distinct subgroups characterized by different maturation and specific chromosomal translocation. In order to gain insight into the gene expression activities in AML, we carried out a gene expression profiling study with 21 AML samples using cDNA microarrays, focusing on acute promyelocytic leukemia with specific translocation t(15;17)(q22;q12) [French-AmericanBritish or FAB-M3 with t(15;17)] and AML without maturation (FAB-M1) characterized by morphologically and phenotypically immature AML blasts and no recurrent chromosomal abnormalities. Using a multivariate σ-classifier algorithm, we identified 33 strong feature genes that distinguish FAB-M3 with t(15;17) from other AML samples, and 24 strong feature genes that classify FAB-M1. A direct comparison between FAB-M3 with t(15;17) and FAB-M1 led to selection of 13 strong feature genes. Those genes include some known to be related to leukemogenesis and cell differentiation. RIN1, a gene in the ras pathway, was up-regulated in FAB-M3 with t(15;17). Growth factor-binding protein 2 gene was downregulated in FAB-M1. Huntingtin gene was up-regulated in FAB-M1. Others include syndecan 4, interleukin-2 receptor ß, folate receptor ß, low affinity immunoglobulin Á, Fc receptor IIC precursor, insulin-like growth factor binding protein 2, and myeloperoxidase, which are involved in cell differentiation. Overexpression of myeloperoxidase in FAB-M3 cells with t(15;17) compared to FAB-M1 cells is consistent with the conventional cytochemical staining pattern. Thus, the study revealed that a morphologically-defined FAB-M1 subtype has a distinct gene expression signature that contributes to its cell differentiation and proliferation as well as FAB-M3 with a recurrent cytogenetic abnormality t(15;17)(q22;q12).
Introduction
Acute myeloid leukemia (AML) is a malignant and clonal disease manifested with myeloid blast expansion in bone marrow and blood. The French-American-British (FAB) classification (1) or the World Health Organization (WHO) classification based on FAB classification of AML (2) is widely used for diagnosis of AML subtypes. Acute promyelocytic leukemia (FAB-M3) is an AML subtype in which abnormal promyelocytes predominate (1, 2) . More than 90% of patients with FAB-M3 have specific chromosomal translocation of t(15;17)(q22;q12) (1, 2) . Morphological and cytochemical characteristics of the FAB-M3 blasts with t(15;17) include numerous azurophilic granules and Auer rods in the cytoplasm and strongly positive myeloperoxidase reaction (1, 2) . Most FAB-M3 cases are clinically associated with disseminated intravascular coagulation (1, 2) . The chromosomal translocation t(15;17) results in a gene fusion between PML (15q22) and RAR· (17q12). All trans-retinoic acid (ATRA) has been found to be an effective differentiating agent for FAB-M3 with t(15;17) by its action on releasing the dominant negative transcriptional repression of PML/ RAR· (3) . The discovery of ATRA as an effective agent targeting PML/RAR · overcoming disseminated intravascular coagulation, and inducing cell differentiation, has dramatically improved the prognosis of FAB-M3 patients with PML/RAR· (4-6). In contrast, the prognosis of AML without maturation INTERNATIONAL JOURNAL OF ONCOLOGY 23: 617-625, 2003 617 Identification of signature genes by microarray for acute myeloid leukemia without maturation and acute promyelocytic leukemia with t(15;17)(q22;q12)( PML/RAR ·) (FAB-M1) is much poorer and there is no specific agent that uniquely targets FAB-M1 blasts. FAB-M1 is characterized by proliferation of bone marrow blasts without maturation to more mature neutrophils (1, 2) . Morphological and cytoplasmic characteristics of FAB-M1 blasts include small amount or lack of azurophilic granules and/or unequivocal Auer rods in the cytoplasm and low myeloperoxidase positivity (1, 2) . There has been no demonstrated association between FAB-M1 and specific recurrent chromosomal abnormalities (2) . The recent breakthroughs in leukemia treatment are derived from the recognition of specific molecular targets and development of drugs inhibiting those targets. In addition to the afore-mentioned ATRA, the ABL tyrosine kinase inhibitor, STI571, has shown impressive effect against BCR/ ABL-positive leukemia (7) (8) (9) . Other specific drugs include anti-CD33 gemtuzumab ozogamicin (10, 11) , and inhibitors for histone deacetylase for patients with abnormal core-binding factor (CBF) leukemia; FAB-M2 with t(8;21)(q22;q22) (AML1/ETO) (12) (13) (14) . Furthermore, new signal transduction inhibitors (15, 16) , specific tyrosine kinase inhibitors (15, 17) , and BCL-2 antisense (15, 18) are now in clinical trials.
The success of targeted therapy in leukemia has prompted expanded effort in molecular characterization of different subtypes of AML. One of the approaches is gene expression profiling with cDNA microarray, which has revealed distinct gene expression signatures for AML and acute lymphoblastic leukemia (19) and for subtypes of acute leukemias (20) (21) (22) (23) . Recent reports showed that AML with t(8;21)(q22;q22), t(15;17)(q22;q12), and inv(16)(p13q22) are distinguished by specific gene expression profiles (20) . Genes on chromosome 8 are overexpressed in AML blasts with trisomy 8 compared with the AML blasts with normal cytogenetics (21) . Expression profiling of CD34-positive hematopoietic cells revealed distinct subtypes of therapy-related AML (22) . Acute lymphoblastic leukemias with MLL translocation are separated from other acute leukemias (23) . However, gene expression profiles of AML subtypes which are classified to 'AML not otherwise categorized' in WHO classification are not reported yet.
The FAB-M1 cells are diagnosed by morphologic and cytochemical features. They are heterogeneous in genetic background and categorized as 'AML not otherwise categorized' in WHO classification (2) . To identify signature genes of AML, especially of FAB-M1, gene expression profiling of 21 AML cases with different subtypes was performed. The analysis revealed strong feature genes that distinguish FAB-M1 from others as well as genes that distinguish cases of FAB-M3 with t(15;17) from others. Clinical samples were obtained from 21  patients with AML (1 patient with FAB-M0, 6 patients with  FAB-M1, 3 patients with FAB-M2, 7 patients with FAB-M3,  3 patients with FAB-M4 and 1 patient with FAB-M5) . FAB classification and karyotypes of AML cells are shown in Table I . Table I . FAB classification and karyotypes of AML cells. 
Patients and methods

Patients/samples.
APL, acute promyelocytic leukemia; AMMoL, acute myelomonocytic leukemia; AMoL, acute monoblastic and monocytic leukemia.
The diagnoses were made according to the revised FAB classification (1) and the World Health Organization Classification of Tumours of Haematopoietic and Lymphoid Tissues (2) . Total RNA was extracted from mononuclear cell pellets of which more than 70% were leukemic cells.
DNA microarray studies using specimens of patients with hematopoietic malignancies were approved by Institutional Review Committee in Mie University School of Medicine (24) .
Microarray production. A total of 2,142 known human cDNAs were prepared by PCR from the Research Genetics cDNA clone library using the two primers, purified using MultiScreen PCR plates (Millipore Corp., Bedford, MA) and verified by sequencing at Cancer Genomics Core Lab. (M.D. Anderson Cancer Center) before printing (25) . The DNA clones, in 384-well plates, were spotted onto poly-L-lysine-coated microscope slides using an arrayer (Genomic Solutions, Ann Arbor, MI).
RNA amplification and target labeling. AML cell pellets were lysed in the TRI reagent (MRC, Cincinnati, OH). Control RNA was prepared by mixing the same amount of total RNA extracted from these 6 cell lines; K562, HL60, NB4, BV173, KBM7 and Jurkat cells (24) . The labeling reaction was performed as described previously (24, 26, 27) .
Microarray hybridization and image scanning. Methods of hybridization were described previously (24) . Hybridized arrays were scanned at 10 µm resolution on a GeneTAC LS-IV scanner (Genomic Solution), and the obtained signal intensities were quantified with ArrayVision (Imaging Research Inc., St. Catherines, Ontario, Canada).
Assessment of replicability of the data. As mentioned above, each gene is duplicated on the array. Thus, the variation between the replicate spots can be used to assess the reliability of the measurement of that gene's expression. Informally, if the two replicate measurements are close to each other, then the estimate of that gene's expression can be obtained by a combination (e.g., average) of the two replicates. If, on the other hand, the two replicates are quite different, then that gene should be flagged as unreliable and the measurements should not be used in subsequent analysis. We use the following simple method to flag unreliable measurements. For each array (patient), we compute the standard deviation of the absolute values of the differences between the corresponding replicates. Then, any absolute value of the difference that exceeds three times the standard deviation is flagged as being unreliable. Using our procedure, about 3% of the genes, on average, are deemed unreliable.
Algorithm for finding strong feature (gene) sets. We desire classifiers that categorize sample tissues based on the expression values of a gene set. Because the number of samples for clinical studies is often small, we use a simple classifier and a small number of genes (at most three in this study) to form the classifier. This helps mitigate the likelihood that a classifier that does well on the sample data, but is not good relative to the populations. As for a specific algorithm to design the classifier, we used a recently developed σ-classifier algorithm (28, 29) . σ-classifier is designed from a probability distribution resulting from spreading the mass of the sample points via a circular distribution to make classification more difficult, while maintaining sample geometry. The simple logic is that the noise would increase when more cases are included. Since we do not have a large number of cases, a controlled increase of noise to some extent mimics the scenario of more cases. The algorithm is parameterized by the standard deviation (σ) of the circular distribution. By considering increasing standard deviations, the algorithm finds gene sets whose classification accuracy remains strong relative to greater spreading of the sample. In addition, the error of a classifier is not estimated from the sample points, but is instead measured as the error the classifier makes in trying to spatially separate the distributions, which is a much more difficult task if the spread is large.
A classifier that has a small error for a large variance is desirable, since its performance is likely to be more robust relative to new data. If a classifier has an extremely small error (≈0) for a small σ but a large error for large σ, then we do not consider it sufficiently strong. Intuitively, this method mitigates overfitting the data, since it favors solutions for which little changes in the data lead to little changes in the classifier. Additionally, the method improves the robustness of the classification in regard to the inaccuracy of the inputs.
The second feature of the algorithm is that it searches for gene combinations that separate the classes. This feature is especially attractive in biological settings where heterogeneity is the norm and no single gene can dictate classifications.
All of the computations that search and analyze more than 16 billions classifiers in this study were done on a Beowulfbased supercomputer at the Center for Information Technology at NIH. This system is a distributed memory parallel computer consisting of a total of 780 XP/Athlon and Pentium III processors interconnected through a high-speed network.
Results
The WHO (FAB) classification and karyotypes for the AML patients used in this study are shown in Table I . All patients with FAB-M3 have t(15;17)(q22;q12) and other AML patients have heterogeneous karyotypes.
Using the σ-classifier algorithm (28,29), we first set out to identify strong feature genes that are robustly associated with FAB-M3 with t(15;17) or with FAB-M1 subtype of AML by finding the best classifiers that separate one type from the others in the experimental group. We also identified classifier genes that separate the FAB-M1 from FAB-M3 with t(15;17). Because of the limited sample size, we limit our search to twogene classifier and three-gene classifier. Gene sets selected by two-gene classifier clustered patients with FAB-M1 and FAB-M3 with t(15;17) with very low σ-errors and leave-oneout (LOO) errors. We assembled the genes that appeared repeatedly in the best two-gene classifiers in Table II . Thirtythree strong feature genes were identified to appear at least five times for the separation of FAB-M3 with t(15;17) from the others, 24 strong feature genes appeared at least twice for FAB-M1 separation, and 13 strong feature genes showed at least five times for the cases of FAB-M3 with t(15;17) and Table II . Strong feature genes that appeared repeatedly in the best two gene classifiers. Pig7 (PIG7) -FAB-M1 separation. Interestingly, myeloperoxidase was selected as one of strong feature genes to distinguish between FAB-M1 and FAB-M3 with t(15;17), a result that is consistent with conventional cytochemical staining pattern that intrinsic myeloperoxidase positivity of FAB-M3 blasts is very strong whereas that of FAB-M1 blasts is relatively low (1,2). The separations of the comparison groups by those genes were confirmed by three hierarchical clusterings (figure not shown).
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We then put together all identified strong genes and performed a hierarchical clustering (Fig. 1A) and multi-dimensional scaling (MDS) analysis (Fig. 1B) . From the hierarchical clustering, we observed three main clusters where FAB-M1, FAB-M3 with t(15;17), and the others are clustered together, except AML10-M2 being clustered together with FAB-M3 and AML01-M0 with FAB-M1. Also, MDS shows a similar separation among three groups. Notably, the fact that AML10-M2 lies between FAB-M3 with t(15;17) and the others, and AML01-M0 and AML09-M2 lie between FAB-M1 and the others may suggest that these three patients are in transition between the subtypes. These results suggest that the selected genes possess genetic signatures for FAB-M1 and FAB-M3 with t(15;17).
Discussion
AML consists of several subtypes with respect to morphology, cytochemistry, immunophenotype, cytogenetics, and clinical course. FAB-M3 with t(15;17) is a typical subtype of acute promyelocytic leukemia, which expresses PML/RAR· fusion gene and responds to ATRA. In contrast, FAB-M1 is a subgroup of AMLs with heterogeneous cytogenetics and poses challenge to targeted therapy. To improve the outcome of AML, it is important to understand the molecular mechanisms of leukemogenesis in AMLs both with and without recurrent cytogenetic abnormalities. In this section, we will discuss some of the classifier genes we identified in the context of their known information in literature.
We first compared between FAB-M3 with t(15;17) as a typical subtype of AML with recurrent cytogenetic abnormalities and others. Among strong feature genes to 
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classify cases of FAB-M3 with t(15;17) from others (Table II, Fig. 1A) is the ras inhibitor, also called RIN1 (Ras and Rab interactor 1), which was named by its function to interfere with activated Ras in yeast (30) . The role of RIN1 in mammalian cells is likely to be very different from that in yeast. It was reported that RIN1 accelerates BCR-ABL- Syndecan 4 is also overexpressed in FAB-M3 cells with t(15;17) (Table II, Fig. 1A ). Syndecan 4 has been reported to be an antithrombin receptor of human neutrophils (32, 33) . As syndecan 4 mRNA is overexpressed in FAB-M3 cells with t(15;17), which are more mature to neutrophils compared with others, syndecan 4 may be one of myeloid differentiation markers like myeloperoxidase.
It has been reported that IL-2R·, ß, and Á chains are expressed in some AMLs (34) , and IL-2R· chain expression of AML cells was correlated with poor prognosis of AML patients (35) . However, the role of IL-2Rß chain expression in clinical implication has not been well evaluated. Our data show that IL-2Rß chain mRNA overexpression is mainly seen in FAB-M3 cases with t(15;17) (Table II, Fig. 1A) . Future studies will tell whether expression of IL-2Rß chain has any correlation with prognosis.
Folate receptor ß protein is expressed in the myelomonocytic lineage and is differentially expressed in myeloid leukemias (36) . In the present study, mRNAs of folate receptor 1 and folate receptor ß precursor are relatively downregulated in FAB-M3 cells with t(15;17) (Table II, Fig. 1A) . Interestingly, the expression levels of folate receptor ß after treatment with ATRA are considered to be more important, because folate receptor ß is transcriptionally upregulated in AML cells that are treated with ATRA (37), and overexpressed folate receptor ß is considered to be a molecular target of therapeutic intervention (38) .
FAB-M1 is a typical subtype of AML without recurrent cytogenetic abnormalities. Thus identification of classifier genes for this type of AML is poised to provide important insight into the leukemogenesis process. Among strong feature genes to classify cases of FAB-M1 from others, Huntingtin mRNA was overexpressed (Table II, Fig. 1A ). Although it is not clear what this means physiologically at present, it is intriguing that Huntingtin interacting protein 1 (HIP1) gene is involved in a specific translocation t(5;7)(q33;q11.2) in chronic myelomonocytic leukemia resulting in fusion of HIP1 to platelet-derived growth factor ß receptor (39) (40) (41) . Thus, Huntingtin gene pathway may be an important pathway for leukemogenesis either through gene expression changes or gene translocation. Further studies are warranted.
Growth factor-binding protein 2 (Grb2) is an adaptor protein that links multiple tyrosine kinases to and plays an important role in proliferation of BCR-ABL-positive cells (42) (43) (44) . Interestingly, Grb2 mRNA was down-regulated in FAB-M1 (Table II, Fig. 1A ) suggesting that the key molecular changes in FAB-M1 may be downstream of Grb2.
CD32 (FcÁRII) is a differentiation marker in myelomonocytic lineage, and is expressed in monocytes and neutrophils. A similar procedure is used to cluster AML samples. In the display, the primary data table is represented graphically by coloring each cell on the basis of the measured fluorescence ratio. Cells with log ratios of 0 (ratios of 1.0-genes unchanged) are colored black, increasingly positive log ratios with reds of increasing intensity, and increasingly negative log ratios with greens of increasing intensity. Patients with FAB-M3 with t(15;17) are in blue, FAB-M1 in red, and the rest of patients in green. All FAB-M3 patients with t(15;17) are clustered together, with a patient with AML10-M2 being within that cluster, and all patients with FAB-M1 are also tightly clustered together, with a patient with AML01-M0 being part of the cluster. B, Multi dimensional scaling (MDS) analysis is performed using the same set of strong feature genes with Euclidean metric as similarity measure. Even though MDS shows no perfect separation among three classes, FAB-M1 and FAB-M3 with t(15;17) make reasonable clusters. Also, in consistency with the hierarchical clustering, a patient with AML10-M2 stays close to the patients with FAB-M3 with t(15;17) and a patient with AML01-M0 is near to FAB-M1 patients.
Low expression levels of low affinity FcÁRII precursor in FAB-M1 cells (Table II, Fig. 1A ) likely reflect the immature stage of FAB-M1 cells in myelomonocytic differentiation pathway.
When FAB-M1 and FAB-M3 with t(15;17)(q22;q12) were compared directly, a number of genes were found to have consistent difference in expression. Among them, insulin-like growth factor binding protein 2 (IGFBP2) was overexpressed in FAB-M3 with t(15;17) (Table II, Fig. 1A ). IGFBP2 is a modifier gene for IGF pathway and has been shown in be involved in many cancers. In glioblastoma, IGFBP2 is overexpressed comparing to low-grade gliomas and IGFBP2 may contribute to invasive nature of glioblastoma (45, 46) . However, in synovial sarcoma, IGFBP2 overexpression was associated with epithelial differentiation (47) . The reason for lower expression in FAB-M1 is not clear, however, this may be consistent with the lower level expression of Grb2 (see above), which also mediates the IGF pathway.
Overexpression of rearranged immunoglobulin Ï light chain in some cases of FAB-M1 (Table II, Fig. 1A ) suggests that immature leukemic cells have bilineage genotypes of myeloid and lymphoid blasts. It is reasonable that its overexpression is rare in the FAB-M3 blasts, which are more mature than the blasts of FAB-M1.
It has been reported that AMLs with recurrent cytogenetic abnormalities, t(8;21)(q22;q22), t(15;17)(q22;q11-12), and inv(16)(p13q22) can be distinguished by specific genes (20) . The present study also identified strong feature genes to classify cases of FAB-M3 with t(15;17), which is a distinct subtype defined by PML/RAR· fusion gene. On the other hand, FAB-M1 cases do not have recurrent chromosomal abnormalities. The present study, however, revealed strong feature genes to classify cases of FAB-M1 as well as FAB-M3 with t(15;17). These findings suggest that subtypes of 'AML not otherwise categorized' in WHO classification have common molecular-based characteristics as well as AMLs with recurrent cytogenetic abnormalities.
In the diagnosis of AMLs, recurrent cytogenetic abnormalities are considered to be one of very strong prognostic factors. AML patients with t(15;17), t(8;21) and inv16 show favorable prognosis compared to those with normal karyotype, whereas AML patients with chromosomal abnormalities other than the three listed types of translocations show poorer prognosis than those with normal karyotypes (2, 48) . Morphologically-and cytochemicallydefined characteristics of AML are also strong prognostic factors. For example, AML with multilineage dysplasia was reported to show poor prognosis (49) . The presence of Auer body and more than 50% myeloperoxidase-positive AML cells were favorable prognostic factors (48) . The present study suggested that AMLs without recurrent cytogenetic abnormalities defined by morphology and cytochemistry have some common gene expression profiles and should be evaluated to find therapeutic molecular targets as well as AML subtypes with recurrent cytogenetic abnormalities in future studies.
